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Mixed bismuth oxides with layer lattices 

II. Structure of Bi^T^O^ 
By Bengt Aurivillius 

With 5 figures in the text 



By means of X ray analysis it "has been found that the crystal structures 
lip: of a number of bismuth oxyhalides consist of Bi a Oa*" layers alternating with 
i ^-.layers of halogen ions (1, 2). In all these cases the symmetry was found to 
^>be tetragonal and the lengths of the a axes almost constant - 3.8 A. 

On mftlring an- X ray study of the system BigOs — Ti0 2 a phase (of corn- 
Imposition about 40 atomic % TiO a ) was found, the powder photographs of which 
^.could be explained by assuming a pseudo-tetragonal cell with a = 3.84 and 
*c= 32.8 A. It seemed of interest to make a closer study of this phase since 
:the cell dimensions and composition seemed to indicate a layer lattice with 
Bi 2 0| + layers, but of a type hitherto uninvestigated. 

1 Procedure : Weighed amounts of Bi 2 O a (puriss) and TiO a (puiiss) were mixed 
; and heated to about 1100° C for some hours in a weighed platinum . crucible. 
pX After cooling the crucible was weighed again and the composition calculated 
v^^l^by assuming that the loss of weight could be ascribed to the volatility of 
^|^^f.Bi a O s . Powder photographs of various preparations in the system Bi 2 Oa — Ti0 2 
. indicated that there is a phase with a body-centered pseudo-tetragonal unit 

^^^ cell with a — 3.841 and c = 32.83 A at compositions about 40 mole % Ti0 2 . 
' ^111^ 1* was > however, impossible to get samples which were quite free from impurities 
jVso the powder photographs always contained a few extra lines. 
;} : The lines 21 1, 22 I and 31 1 were found to be split up. No cleavage was, 
^.however, found for the lines 10 1, 201 and 30 L This could be explained by 
p. flAqnTning a face-centered orthorhombic unit cell with the same c axis as the 

;/f pseudo-tetragonal cell and with its a and 6 axes equal to the diagonals (aV2) 
°f the -pseudo cell, 

£ The orthorhombic axes will be: a = 5.410 6 = 6.448 c = 32.84 A. The 
£' observed density (40 mole % Ti0 2 ) is 7.85. If the composition is assumed to 
x$ K be Bi 4 Ti 8 0 12 (43 mole % TiOJ and 4 formula units are assumed per unit cell 
the calculated density will be 8.04 which agrees fairly well- with the observed 
;$H££ value. 

Single crystals, thin plates, were picked out and Weissenberg photographs 
(zero layer and first layer) were taken around the 3.84 axes, thus registering 
v&i Q^d hll (pseudo cell) or hhl and A, h + 2, 1 (orthorhombic cell). 
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Though there was nothing in the Weissenberg photographs to indicate d- 
lower Lane symmetry than P*a — i I'm mm, it was — as has 'already been mefij. 
tioned — found from the powder photographs that the real symmetry was na% 
higher than orthoihombic (Lane symmetry D^ — mmm). ^ 

Except for the extinctions following from the face-centering (hkl ocurrii^^ 
only for h, k, I all odd or even) no systematic extinctions were found, whid^# 
is characteristic of the space groups CS, Dl and D&. 




3/15 



Positions of the bismuth atoms 



Since the intensities of hkl with h, k, I all odd on one side and the inten^J*. 
sities of hkl with h, *, I all even on the other side appeared to vary in th^^ 
same way with I (see Table 1), it seemed probable that at least the bismutK^ 
atoms are situated on the lines: (000; J£0; °H3 + ^ mm otM 

^^oozcos 2 Ttlz and ^iImcos27tlz will under such conditions represeti^l|| 

the Patterson function along 00 z. These two sums are pictured in figure 
It is seen from the graph that high maxima occur at z = 0.144, 0.280 andM 
0.428. If Cgc is not considered, only the following positions on the lines 00?* 



Table 1 

Weissenberg Photographs of B^Ti^O^. Cu K a radiation 
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Figure 1, Patterson function of BuTi 8 GiB along 0 0 z 

tfull curve: ^ loot cos %n Iz 
I 

\ Dotted curve : 2 Jl 1 1 COS 2 * lz ( orthorhombic indiceS> 

Z 

iare possible for the Bi atoms: The two 4-fold positions 000 and 00* and the 
Tm vZiom +00,. Assuming that the unit cell contains 16 Bi it was 
found that the observed maxima in the graph could be explained by assuming 
S the 16 Bi atoms are situated in two 8-fold positions ± 00.. In thra way 
three possibilities arose: 



a. 


H = 0.215 


Z2 


= 0.356 


b. 


zi = 0.072 


«2 


= 0.356 


c. 


Zi = 0.072 


H 


= 0.215. 



If the influence of the Ti and the 0 atoms is neglected the Patterson maxima 
will have the following relative weights : 



0.144 
0.280 
0.428 



a 

2 
1 
3 



b 
1 
3 
2 



3 
2 
I 



If the two curves in figure 1 are added and the areas under the peaks i cal- 
culated, the ratio of (0.144) : (0.280) : (0.428) is found to be: 4.4 : 2.6 : 1.0. Now, 
these figures cannot be directly compared with the figures given above, since 
the wro level in the graph is unknown. It is, however, seen that the observed 
order* magnitude of the peaks (0.144) (0.280) and (0.428) is the same as 
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that calculated for c. Case c was therefore assumed, and z x and z 2 were varied 
around 0.072 and 0.216. The observed intensities were found to agree quitgft 
well with those calculated for z± = 0.067 ± 0.004 and = 0.211 ± 0.004. 
Table 1 the observed intensities are compared with intensities calculated a£ 
follows: I=A* A = 10 (cos 2nlzx + cos 2jrZ^) === 10 F/4 fw. In Table i 
the lines of maximum absorption (see (4)) are indicated by dotted lines. 
allowance is made for the polarisation factors and the absorption effect (i)jj,_ 
it is seen that for A, i, I all odd the observed and calculated intensities agreed 
quite well. For A, k 9 I all evei* ihe calculated ratios of 0016:0018 and%l 
22 16 : 22 18 are inversed in comparison with the observed ratios. This might?/ 
be due to the influence of the Ti and the O atoms. ^ 



Positions of the Ti atoms 

With the formula assumed the unit cell contains 12 Ti atoms. If the spac^| 
group Ca5 c is not considered, the only 4-fold positions possible are: 



The ii 
culated i 
t>e made 
to find f 



4 (a) xOO or OyO (Cg a or b), 4 (a) 000 4 (b) 00* (Dj, Dg), 
4 (c) Hi * (d) HI OS) 

The positions 000, £ and £H seemed very improbable since the distance" ; 
Bi— Ti would then be only 2.2—2.4 A. For the remaining positions 0 0 £, a?0O"f^ : ; 
(or 0y0) a; (or y) must lie within the limits 0.3&— 0.62, if the minimum distance'^ " 
Bi— Ti is assumed to be 3.0 A. If the distance Ti— Ti is assumed to be^f 
^ 3.0 A, only 4 Ti can be situated in 4-fold positions and the remaining 8 TiH^ \ 
must occupy one 8-fold position. Of 8-fold positions the following seemed to.V^ 
be possible: 




8 (d) sOz, xOs (or Qyz, Qyz) OS a or 6, 8 (g) ± 00z (DL Dg), 
8 (b) iii-e (D5) 

Thus there seemed to be two ways of arranging the Ti atoms: 

1. 4Ti 1 in00 h 8 Ti 8 in Hi"* 0 .133 <> % < 0.147 

2. 4 Ti x in 00£, a?00 (or OyO) 0.38 <%< 0.62 (or 0,32 <: y < 0.68) 
8 Ti a in ±00s 0.324^3^ 0.398, zOs, a?0* (or 0y*, Oy*) 

0.38 < x < 0.62 (or 0.38 < y < 0.62) 0.102 < z ^ 0.176 

Both for 1 and 2 the parameters are chosen as to make the distances 
Bi— Ti 7z 3.0 A. The region possible for the Ti 2 atoms — assuming arrange- 
ment 2 — is shown by the shaded area in figure 2. 

By calculating the intensities of 002 for various zn values, it was found 
that the calculated ratio 0016: 0018 (see the discussion on the Bi positions) 
was best for z ~ 0.13 0 or 0.37 0 . 
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- The intensities of the spots in the Weissenberg photographs were then cal- 
cnlated for the arrangements 1 and 2 but no decision between 1 and 2 could 
*$be made by comparison with the observed intensities.. It was therefore tried 
^to fiad possible arrangements for the 0 atoms with both 1 and 2. 

Case 1 

Space group J)\ and the following positions for the metal atoms were 
g/: assumed: 

8 Bii in 8 (g) *j = 0.067 ± 0.004 8 Bi 8 in 8 (g) ^ .= 0.211 ± 0.004 
4 Tix in 4 (b) 00£ 8 Tia in 8 (h) 0.133 ^ z <. 0.147 

X-0 



I'M 




Figure 2. 

By assuming that the distances Bi— 02>2.2, Ti— 02=1.8 and 0— 0St2.5 A, 
the following positions were found possible for the O atoms: 

4 (a) 000 4 (c) Hi 4(d)lH 

8(g) ±00a . 8 (h) H*; Hi-* 

0.130 < z ^ 0.148 0^|»|^ 0.040 

0.274 <, z <• 0.445 — 0.183 <. %<>— 0.095 

16 (k) xyz; xyz; xyi\ xyz 



x = 0 



or 



y = 0 



0 = 0.27 " x = 0.27 
Two regions are possible: 

z = 0.113 (for am = 0.147) and z > 



: 0.165 (for 2h = 0.132) 



No combinations of these v „ — . 

and octahedra around the Ti atoms, as is the case in previously investigated 
structures containing Ti 4+ and 0*-. Arrangement 1 seemed therefore improbable. 
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Case 2 

The positions of the metal atoms are assumed to be: 
8 Bi x in ± OOs* *x = 0.067 ± 0.004 8 Bi 8 in ± 00* % = 0.211 ± 0.004 
4 Tii in 00 J, s0 0 (or OyO) 0.38 < x, y < 0.62 
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8 Ti 2 in ± 00«, 
0.324 <. z <> 0.398 



-rOz; xde (or Oyz; Oye) 0.38 < x, 0.62 

0.102 <. z <, 0.176 



8 (h) ii*; *H-« 
0<|«[< 0.040 
0.095 < |z| < 0.183 



!*<*>■» 

:-;tions 8 V 
2g O are 1 



At first only space group Bl was considered (Tij in 0 0 i and Ti a in ± 00z),^ 
The following positions were found possible for the 0 atoms making the aan» 
assumptions as in case 1 : * 

4 (a) 000 4 (c) Hi 

4 (d) Hi 8 te) ±00z 

0.130 <>z< 0.148 
0.379 0.445 
0.274 <z< 0.343 

16 (k) a?yz; ccyz; xye; xye 

x = 0.25 ± 0.02 y = 0.25 ± 0.02 
or 

y ~ O a: ~ 0 

0.114 < z < 0.163 

It was tried to find positions for the O atoms so that Ti t and Ti 2 wouldbe 
surrounded by regular or almost regular octahedra of O atoms wrtfc 
distances 1 8 <■ Ti — 0 < 2.5 A. For O atoms in contact with Ti lt the follow- 
ing pomt positions are possible : 8 (h) 0<|*|<0.040, 8 1(g) 0.424 <z J 0.445. 
W8 O situated at iiO; iii and 8 O at ± p0 0.442 regular octahedra of 
O would surround Tij. It, therefore, seemed probable that oxygen atoms are 
situated near these positions. 

For oxygen atoms in contact with Ti 8 , the following positions are possible: 



With a 
of oxygen 
c. Wit 

. . M. 'ft *» °- 10 
ti§lX; around Ti 
:*- ? &* -position - - 
rangemenl 

With d 
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was, ther< 
The f 0". 
Tk or Ti s 



• ■ ^ - Si .» 



•"■■--i 



8 (g x ) 0.379 < «x ^ 0.445 
8 (g a ) 0.274 ^Zt< 0.343 



8 (h) 0.095 S|a>| < 0.183 
16 (k) 0.114 <z < 0.163 



With one set of oxygen atoms situated at 8 (h) or 16 (k), every Ti ? atom 
will be in contact with two oxygen atoms, while if oxygen atoms are atuatea 
at 8 (g x ) or 8 (g 2 ), Ti 8 will be in contact with only one oxygen atom. It was 
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gjfy 0 are possible: 
Jill a . 16 0 (k) + 8 O (h) + 8 O (h) 

b. 16 0 (k) + 8 0 ( gl ) + 8 0 (g 8 ) + 8 (h) 

c. 8 O (h) + 8 0 (h) + 8 O (h) 

d. 8 0 (h) + 8 O (h) + 8 0 ( gl ) + 8 O (g a ) 

With a and b no combination of positions could be found, giving octahedra 

T^^'Hi 8 O in 00 0.442 and 24 O in positions 8 (h) 
m± C - S 1-^0139 Wom) so as to form ephedra of oxygen atoms 
-^f?>* J"™ 2 ^TT tifere was room for the remaining 8 0 atoms only m the 
-^.-.arotmd Ti* ^ £*• positions 4 (c) + 4 (d). With these ar- 

^ Potion ± OOz 0 274 or m P be ^ (af 2 . 4 k) . 
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ssible: 



» iVnS f ^f «: p= d 

if ^tton. in contact with 

8 0 4 in 8 (g) 2 == 0.436 
(zxi> = 0.372) 8 O s in 8 (g) z = 0.308 
8 0 6 in 8 (h) 2 = 0.128 
8 0, in 8 (h) 2=^0.128 



t ato*A 
ituated 
It was 



.• ? 



Even if these parameters are varied considerably around the values given, 
room for thrSmaLng 8 O is left only in the positions 4 (c) and4(d)(0.(^ 

The positions arrived at might also be described with space group mmm 
as follows: 

8 O t in 8 (e) HO; Hi 
8 0 8 in 8 (f) HI, Hi 
8 0 8 in 8 (i) ±00z z = 0.436 
8 0 4 in 8 (i) ± 00z z = 0.308 

16 o 5 in 16 (j) H*;H*; 

H*;H* 
2 = 0.128 
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The distances and coordination will be: 
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= 2.71 



Tii -4 Oi^l.92 
Ti x -2 O 3 = 2.10 



No new combinations were found if the space group Df* was assumed instead 

a.. 



of Bl 





Figure 3 a. 





4(a)0jr0 

8 (d) xyO; xyO 

ar^0.25 ± 0.02 



8 0>)ivi;iyi 8(o)0ys;0ys 



16 (e) xyz; xyz; xyz; xyz 
x = 0 .25 ± 0.02 
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Figure 3 b. 



Since a ^ b and the positions of. the O atoms must he chosen from space considerations, j 
it does not matter whether space group Q£ a or b is assumed. 6 was assumed arbitrarily. 
It was found that oxygen atoms could only he situated in the planes 3=0, s=0.25±0.02 f j 
x s= £ and a; = 0.75 + 0.02. Thus the following positions are possible: • 
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Table 2 (coat.) 
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The positions of the Ti atoms are assumed to be: 

4 Ti x in 4 (a) 0.38 V X ^ 0.62 

8Ti 4 in8(c) 0.38 ^ y 8 ^ 0.62 0.102 < * 2 ^ 0.176 
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Figure 4. 

One half of the pseudo-tetragonal unit oell of Bi^Ou (from *~0.26 to s ~ 0 75). A da- 
notesX perowstoLtic layer Bi a Ti s OJiT, 0 Bi a Of + layers and B unit cells of the hypotheW 

perowskite structure BiTiO s . 

In figures 3 a and 8b sections of one fourth of the unit cell are made f or x = 0 and 
3 = 0.25 (The projections of the positions of the Bi x . Bij and Ti atomB are denoted by: 
white circles, double circles and black circles respectively. The same scale is used as for figure 2). 
Regions where oxygen atoms might be situated are shown by shaded areas. In figure 3 a the 
positions of the Ti atoms are assumed to be: 00* and Op* Oyx y = 0.62 * =0.139 and in 
figure 3 b, OyO y = 0.62 and ± 00a z = 0.324. 

As in the discussion above it was tried to find positions for the O atoms giving an octa- 
hedral arrangement around Ti x and Ti 2 . Only with O atoms situated m the positions 
8 (d) x = i- y « V! + i a** g (c) jr ~ y i z ~ 0.058 would T^ be surrounded by regular 
octahedra (see figure 3). It was therefore assumed that these positions are occupied by oxygen 
atoms. For oxygen atoms in contact with Ti 2 , the point positions 8 (c) and 16 (e) are pos- 
sible. With 8 O situated at 8 (o), every Ti atom is in contact with one oxygen » tom ^ 
16 0inl6(e),Ti a maybeincoiitactwith2 0(e 8 )ar40(y*i/8 + t »***)(«*>• Jsear " 
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a in mind that the unit cell contain 48 O and ass« ^ 
*V'H! ^jasemed possible : 



4* ' <| ^Ifieemed possible 



a. 8 0 (0) + 80 (o) + 16 O (e 4 ) 

b. 16 O (ea) + 16 O (e*). 
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I . with b. no combination giving ootahedxa of. O around E a ooxdd be ound. Wxth ^™*> 
- -1 ;",!wLmentB oould be found aUowing Ti 2 to be surrounded by an almost regdar «*ahedron. 
■; m Showing parameters f or oygen atoms in contact ^ Ti x « T, 8 we re assumed: 

: 8 Oi in 8 (d) * « J y ~ tfi + i 

8 0 2 in 8 <c) y ~ (Vi + Va)/ 2 2 = z a/ 2 

8 O a in 8 lor) 1/ ~ tfs 2 ~ 3 ^Z 2 

. 16 0 4 in 16 (e) *~\ V = *s + i 

W For the remaining 8 O there seemed to be room only in the position 8 (b) y - * . It is 
W fe* these pactions are basically the same as were arrived at when space group D, was 
assumed, except for possible small shifts in the y direction. 

Thus no new arrangement was found by assuming Cg a or 6. In Table 2 
Jmdo teta^al SS) tbe intensities, calculated by means of the formula 1= 

and they were interpolated for every reflection from 

vle?Sen Sm ^ e International Tables (3). Table 2 shows good agreement 
'■ between the calculated and observed intensities. 
The following structure is thus proposed: 

— F mmm 
(000;0ii;i0i;H0) + 
8 Bi! in 8 (i) ±002 * = 0 ; 067 
8 Bi 8 in 8 (i) ± 00z z = 0.211 
4 Ti a in 4 (b) 00* 
8 Ti 2 in 8 (i) ±002 z = 0.372 
8 0! in 8 (e) 110; Hi 
8 0 2 in 8 (f) Hi; ill 
8 0 8 in 8 (i) ± 00z z = 0.436 
8 0 4 in 8 (i) ± 00* * = 0.308 
16 0 6 in 16 (j) ***;**«;**' ^ = 0-128 
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B. ATTBIYIIXIUS, Mixed bismuth oxides with layer lattices. II 
For the pseudo-tetragonal cell the positions will be: 
D£ — I 4,1 mm m 

(000; Hi) + 
4 Bi a in * (e) ± OOz z 
4 Bi 8 in 4 (e) ± OOs 
2 TH X in 2 (b) 00* 
4 Ti 8 in 4 (e) ± 0 Oz z = 0.372 
4 Ox in 4 (c) 0*0; £00 
4 0 8 in 4 (d) OH; J0£ 
10, in 4 (e) ± OOz z 
4 0 4 in 4 (e) ± OOz 
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z = 



0.067 
0.211 




z = 



0.436 
0.308 



8 0 6 in 8 (g) ± (OJz; \Oe) z = 0.128 
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In figure 4 one half of the pseudo-tetragonal unit cell is pictured. Th^^": 
structure consists of Bi z Ot layers alternating with BigTigOJo" layers. The ar->£| 
rangements of the atoms within the Bi 2 Ti 3 05r layers seems to be the same a&;p K 
that found for perowskite structures, and it is easily found by calculation thafc ! ^ As * 
the geometrical properties of the Bi 3 *, Ti 4+ and 0 2 " ions make a perowskite^l are Tat 
structure possible. Thus the structure might be looked upon aa a layer strua>S^ ' % triplets 
ture where perowskitic layers Bi a Ti 3 Ow — - corresponding to a hypotheticU^? taking 
perowskite structure BiTi0 8 — alternate with Bi^OT layers. With the nota : fi v >^ thin it 
tions given by Lagercraittz and ShjJ&n (5), the above structure might be; 
denoted by Xm. 
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